Here we report the phenotypic characteristics of a novel hypernodulation mutant, Ljrdh1 (root-determined hypernodulation 1) of Lotus japonicus. At 12 weeks after rhizobial inoculation, there were no differences between the growth of Ljrdh1 and, wild-type. However, Ljrdh1 showed 2 to 3 times higher nitrogen-fixing activity, and seed and pod yields, were approximately 50% higher than the wild-type. This is the first report of a legume hypernodulation mutant showing normal growth and a high-yielding characteristic under optimal cultivation conditions. Key words: green manure; high-yield legume; gene resource; high-nitrogen-fixing ability Approximately 30 million metric tons of nitrogen are annually converted to ammonia through symbiotic biological nitrogen fixation in cultivated land.
Approximately 30 million metric tons of nitrogen are annually converted to ammonia through symbiotic biological nitrogen fixation in cultivated land. 1) In biological nitrogen fixation, symbiotic nitrogen fixation in the plant root nodules is the major source of nitrogen in global nitrogen recycling. Among nodulating plants, the nodulation of leguminous plants with rhizobia has been studied intensively in order to clarify the molecular interaction. Symbiotic nitrogen fixation is beneficial to legumes, and the growth and yield of legumes depend on the nitrogen fixing ability of the root-nodules. Hence the hypernodulation varieties have attracted attention of agronomists and plant physiologists. [2] [3] [4] [5] Hypernodulation phenotypes have been found in several crop legumes, 6) but excessive nodule development disturbs host growth by over-consuming energy from the plant, and the growth of the most hypernodulation varieties is known to be impeded. [7] [8] [9] To keep a balance, legumes possess a systemic negative feedback regulatory system called autoregulation of nodulation. 10, 11) The mechanism of autoregulation of hypernodulation mutants has been studied for model legumes, Lotus japonicus and Medicago truncatula, and the soybean. Several genes responsible for hypernodulation have been identified, and the nodulation of most of the mutants was revealed to be regulated by the shoot genotype. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Lotus japonicus rdh1, root-determined hypernodulation 1, was isolated as a novel autoregulation mutant. 22) A grafting experiment between wild-type and Ljrdh1 plants revealed that the root genotype regulated the nodulation in Ljrdh1. While the growth of most hypernodulation mutants is severely impeded, [7] [8] [9] 21) the growth of the Ljrdh1 mutant plants was normal under symbiosis with rhizobia. This gene locus has not been found despite intensive screening by various research groups. 12, 17, 20) The hypernodulation root phenotype of rdh1 was observed very clearly in the well-growing plants, but not the growth-impeded ones. In our screening of mutants, we used a soil containing enough nitrogen to allow the early growth of plants, but screening by the other research groups has been carried out under nitrogen-limited conditions. Here we describe the detailed characteristics of Ljrdh1 plants.
Lotus japonicus MG20 Miyakojima was used as the wild-type, and the Ljrdh1 and Ljhar1 mutants were selected from ethyl methanesulfonate mutagenized L. japonicus MG20. 22) Measurements were taken of the numbers of seeds and pods, the weights of seeds and pods, and leaf, stem, and root growth in nutrient-rich, Kureha horticulture soil (Kureha Chemical Industry, Tokyo, Japan) under uninoculated and inoculated conditions. L. japonicus is a perennial, so the cultivation of plants was stopped 13 weeks after sowing. The cultivation period is more than twice the blooming time (6 weeks).
The seeds were sown, and after 1 week, M. loti was inoculated. The plants were cultivated in pots 7.5 cm in diameter and 6.5 cm in height. Each pot contained 200 g of nutrient-rich Kureha soil. The pots were placed under a 16 h day/8 h night cycle at a light intensity of 150 mEs À1 m À2 at 23 C and 60% relative humidity in a Biotron LH-200 (Nihonika, Osaka, Japan). The density of the plants was controlled in order to keep the light intensity under the leaves from 70 to 80 mEs À1 m À2 . To measure the characteristics of growth, data from 5 or 10 plants were used in order to calculate the average and standard deviation. The statistical significance was estimated by student's t-test.
Mesorhizobium loti MAFF303099 was used for the inoculation of rhizobia. M. loti was grown in TY media at 28 C for 2 d. The bacteria were washed twice with sterile water and resuspended in sterile water. Plants were inoculated by flooding the roots with the rhizobial suspension.
To evaluate acetylene-reducing activity, an intact whole root was placed in a 130 ml glass bottle with a rubber stopper, and the gas phase was replaced with acetylene-containing gas (10% acetylene in air). The tube was kept at room temperature for 2 h and the amount of ethylene formed was analyzed by gas chromatography. The data from 10 plants were used to calculate the average and standard deviation. Statistical significance was estimated by student's t-test.
Soil and plant samples were taken at weeks 4, 8, and 12 after inoculation, and were used after drying at 80 C for 24 h. Ammonium ion and nitrate were extracted from the soil with 10% KCl solution, and the content of ammonium ion and nitrate was determined using a Bran Luebbe Autoanalyzer III (Bran Luebbe, Norderstedt, Germany). The total N content of the plant was determined using the Yanako MT700 (Anatec Yanaco Co., Kyoto, Japan). For each condition, data from five soil samples were used to calculate the average and standard deviation. Statistical significance was estimated by student's t-test.
Linkage analysis was carried out for rdh1 by crossing with L. japonicus B-129 'Gifu.' A population of 161 F2 plants was used for linkage analysis. DNA was extracted from leaves of each F2 plant by the conventional phenol extraction method, followed by PCR using SSR markers (Kazusa DNA Research Institute (http://www.kazusa.co.jp)), and the products were separated on 2-4% agarose gel.
In the previous paper 22) we reported the results of rough mapping for rdh1. Ljrdh1 was recessive and monogenic. By the use of 161 homozygous recessive mutant F2 plants, the responsible gene was mapped between TM 0805 (47.5 cM, segregated ratio 3/161) and TM2073 (51.4 cM, segregated ratio 2/161) on chromosome 1.
When the plants were grown in nutrient-rich soil for 12 weeks after inoculation with M. loti, the Ljrdh1 mutant retained normal growth comparable to wild-type MG20 plants. In this study, no differences in the height of the shoot or the dry weight of the shoot and root were observed between the Ljrdh1 mutant and the wild-type MG20 plants (Fig. 1A, B , and C). The length of the roots was measured until 6 weeks after inoculation (data not shown). In this experiment, since the size of the pots was too small for the plants to develop a normal root system after 8 weeks, we did not measure the lengths of the roots after 8 weeks.
During cultivation in nutrient-rich soil for 4 to 6 weeks after inoculation with M. loti, both the mutant Ljrdh1 and wild-type MG20 plants developed only very limited numbers of nodules (data not shown), due to the high concentration of available nitrogen in the soil (Fig. 1D) . However, after 8 weeks of cultivation, there was not enough nitrogen in the soil (Fig. 1D) . Then the Ljrdh1 mutant and the wild-type MG20 plants started to develop nodules. Nitrogenase activity of the Ljrdh1 mutant and the wild-type MG20 nodules was measured based on acetylene reduction activity (ARA). Eight and 12 weeks after inoculation, the Ljrdh1 mutant showed 2.5 to 3 times higher (p < 0:01) ARA than the wild-type MG20 nodules (Fig. 1E) .
There was no difference in leaf nitrogen content between the Ljrdh1 mutant and the wild-type MG-20 (Fig. 1F) . However, the Ljrdh1 mutant showed significantly higher (p < 0:01) root (including nodules) nitrogen content than the wild-type MG20 during cultivation for 8 and 12 weeks after inoculation (Fig. 1G) .
To determine the yielding ability based on the effect of higher nitrogen fixation, the total number of pods and the total dry weight of seeds and pods were measured. The Ljrdh1 mutant showed 55.9% higher (p < 0:01) yield in the total dry weight of seeds and pods and 52.8% higher yield in the total number of pods than wild-type MG20 for 12 weeks cultivation after inoculation (13 weeks after sowing) with M. loti (Fig. 1H and I) .
In this paper, we have described the characteristics of a novel high-yield, hypernodulation mutant, rdh1 of Lotus japonicus. Usually legumes prefer to absorb and use nitrogenous nutrients from the soil to grow until anthesis, and after anthesis, they tend to use mainly nitrogenous nutrients from nitrogen fixation by rhizobial symbionts for seed development. [23] [24] [25] Hence in this study we used nutrient-rich soil to observe phenotypic characteristics. The nitrogen content (ammonium ion and nitrate) of the soil was kept high enough to support plant growth for 4 weeks. These cultivation conditions are considered to be good for legumes to get high yields. 26) In nutrient-rich soil, mutant Ljrdh1 showed a very high yield of seeds and pods and a very high content of nitrogen in the roots.
The phenotype of rdh1 is inherited recessive, and some defects in growth might occur due to a loss of gene function. However, no differences other than hypernodulation and a high seed and pod yield were found between the Ljrdh1 and the wild-type plant during the 3-year experiment.
Most hypernodulation varieties of legumes show impeded growth, and the grain yields are lower than the varieties of normal nodulation under optimal cultivation conditions. [7] [8] [9] 21) However, since the nitrogen-fixing activities of the hypernodulation varieties are much higher than the varieties of normal nodulation, the carry-over effect of nitrogen on subsequent crops is significantly high. 6) A soybean variety, Nitrobean-60, was released in Austraria for this purpose. 6 ) Lotus japonicus and varieties of this species are distributed in temperate and sub-tropical zones throughout the world. Ljrdh1 fixes nitrogen much more than wild-type plants, and accumulates much nitrogen in seeds, pods, and roots. Accumulated nitrogen affects soil fertility when the plants are used as green manure.
In the last 30 years, agronomists and plant physiologists have attempted to develop high-yielding varieties of crop legumes by breeding technologies. In several crop legumes, the high-yielding varieties were selected. 6, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Also, the researchers attempted to raise the nitrogen fixing activities of crop legumes. These studies have revealed that the use of an effective rhizobium strain for each legume variety is important to get higher nitrogenfixing activity. 34) Our results suggest that the rdh1 gene is a promising resource to produce novel, functional crops. This study was supported by the Promotion of Basic Research Activities for Innovative Biosciences (PROBRAIN) of the Bio-oriented Technology Research Advancement Institution (BRAIN) of Japan. The authors also thank Professor J. Alan Downie of John Innes Center for critical reading of the manuscript.
